ABSTRACT Early-tier studies are the initial step in the environmental risk assessment of genetically engineered plants on nontarget arthropods. They are conducted in the laboratory where surrogate species are exposed to higher concentrations of the arthropod-active compound than those expected to occur in the Þeld. Thus, early-tier tests provide robust data and allow to make general conclusions about the susceptibility of the surrogate to the test substance. We have developed an early-tier test for assessing the toxicity of orally-active insecticidal compounds to larvae of the ladybird beetle Coccinella septempunctata L. (Coleoptera: Coccinellidae). Using potassium arsenate and the protease inhibitor E-64 as model compounds, we validated the bioassay set-up for C. septempunctata. Sucrose solution containing the test compound was offered to larvae for 24 h on the Þrst day of each of its four larval instars. Subsequently, larvae were fed ad libitum with Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) eggs. Both compounds negatively affected C. septempunctata larval survival and development, and adult weight, indicating that the bioassay setup was able to detect dietary effects of insecticidal substances on the ladybird. Power analyses revealed that sample sizes of 20 or 45 per treatment are sufÞcient to detect 50 or 20% differences between the control and treatment groups, respectively, for the various measurement endpoints.
Insect-resistant genetically engineered (GE) crops are grown on a steadily increasing area worldwide since the commercialization of the Þrst GE variety in 1996. Although current GE crops express Cry or VIP proteins from Bacillus thuringiensis (Bt), a considerable research effort is put into developing GE plants that express alternative insecticidal proteins such as digestive enzyme inhibitors or lectins (Malone et al. 2008) , or nonprotein based strategies such as the use of ribonucleic acid interference (Gatehouse 2008, Auer and Frederick 2009) .
International regulation requires a premarket environmental risk assessment before GE crops can be commercialized. One focus of such risk assessment is the potential adverse impact that GE plants may have on valued nontarget arthropods, such as natural enemies, pollinators, and decomposers (Sanvido et al. 2012) . Risk assessment on nontarget arthropods generally follows a tiered framework, where the assessment increases in complexity and realism based on the knowledge gained during previous tests (GarciaAlonso et al. 2006 , Rose 2007 , Romeis et al. 2008 .
Initial toxicity studies, referred as tier-1 tests, are aimed to identify potential hazards of the test compound, and typically are conducted under controlled laboratory conditions . These early-tier toxicity bioassays are performed with surrogate species representing taxonomic or functional guilds of valued nontarget arthropods . To increase the likelihood of detecting adverse effects, exposure of the selected surrogate species to the test compound is much higher than that expected to occur in the Þeld under natural conditions. Surrogates can be exposed to the arthropod-active substance either using the puriÞed form, which is usually dissolved in artiÞcial diet or in a sugar-rich solution, or using GE plant material (e.g., leaves, pollen) in direct feeding studies or in tritrophic assays with herbivores as toxin carriers. The use of plant material as test substance has, however, some limitations. Many predators and parasitoids cannot directly be fed with leaves or pollen, and suitable toxin carriers, i.e., herbivores containing high amounts of the plant-expressed protein while not being susceptible to it, are not always available. In addition, the use of plant material in direct and in tritrophic experiments may prevent testing of the arthropod-active compound under high exposure conditions as a result of the dilution of the compound along the trophic chain .
Ladybird beetles (Coleoptera: Coccinellidae) are common and abundant plant-dwelling predators of many agroecosystems throughout the world. In addition to prey, some ladybird beetles feed on seedlings, pollen, sap, and nectar as alternative food sources (Hodek and Honě k 1996) . Hence, exposure to plantexpressed proteins might be possible through different pathways; in fact, quantiÞable amounts of Cry proteins already have been detected in several coccinellid species collected in Bt maize Þelds (Harwood et al. 2005 (Harwood et al. , 2007 Obrist et al. 2006; Á lvarez-Alfageme et al. 2008; Meissle and Romeis 2009 ). Besides, many ladybird beetles are amenable to rearing and testing under laboratory conditions, and some species are commercially available. For these reasons, coccinellids are considered appropriate surrogates for the assessment of nontarget effects of arthropod-resistant GE plants. Among these, Coleomegilla maculata DeGeer commonly has been used as a surrogate ladybird beetle to be tested against Cry proteins, either in tritrophic experiments (Riddick and Barbosa 1998 , Lundgren and Wiedenmann 2005 , Li et al. 2011a , Tian et al. 2012 or in direct feeding assays using transgenic plant material (i.e., pollen or seedlings) (Pilcher et al. 1997 , Duan et al. 2002 , Lundgren and Wiedenmann 2002 , Ahmad et al. 2006 , Moser et al. 2008 ). More recently, Li et al. (2011b) have developed a tier-1 laboratory testing system for C. maculata by using a shrimp Artemia franciscana (Anostraca: Artemiidae) egg-based artiÞcial diet that allows the ladybird beetle to be exposed to known and high doses of test compounds. However, it might be indicated to conduct tests with additional ladybird beetle species that are present in the particular environment in which the GE plant is going to be released, for example to conÞrm data gathered using surrogates.
Because C. maculata is restricted to America and Japan (CABI 2007) , the seven-spotted ladybird, Coccinella septempunctata L., may be a good additional test species because it presents a broad distribution, being abundant in many Eurasian, North African, and American agroecosystems (Kalushkov and Hodek 2004, CABI 2007) . Both larvae and adults prey upon several economically important aphid species and are being considered important biological control agents in agricultural crops. Although C. septempunctata has been studied extensively for potential nontarget effects of pesticides and a standardized laboratory test method has been established (Schmuck et al. 2000) , no suitable artiÞcial diet for laboratory testing is yet available. Current direct feeding studies consist of offering C. septempunctata larvae living aphids previously dipped in a solution containing the puriÞed protein (Stacey et al. 2006 ). This methodology is very time consuming, the amount of test substance uptake is difÞcult to standardize, and a large amount of puriÞed toxin is required to treat the high numbers of aphids needed to feed the ladybird larvae ad libitum. Tritrophic experiments by using insensitive spider mites as toxin carriers have been conducted with ladybird beetles (Li and Romeis 2010, Á lvarez-Alfageme et al. 2011 ), but they are also very laborious and are limited in respect to the toxin dose that can be provided . Thus, there is a need to develop a bioassay that accounts for the oral exposure pathway of insecticidal compounds to assess their potential hazard on C. septempunctata.
The main goal of this study was to develop an earlytier test for assessing the toxicity of insecticidal compounds to larvae of C. septempunctata. Two model compounds were used to measure and validate the bioassay set-up for C. septempunctata: the inorganic potassium arsenate (PA) and the protease inhibitor E-64. Finally, we conducted statistical power analyses to deÞne the number of replications needed for each measured endpoint to detect different effect sizes between the control and treatment groups.
Materials and Methods
Insect Material. Colonies of the pea aphid, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), and the bird cherry-oat aphid, Rhopalosiphum padi (L.) (Hemiptera: Aphididae), were kept as a continuous culture on broad bean (Vicia faba L.) and wheat plants (Triticum aestivum L.), respectively, in the glasshouse at 22 Ϯ 3ЊC and a photoperiod of 16 h. UV-irradiated eggs of the Mediterranean ßour moth Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) were supplied by Biotop (Valbonne, France) and stored at 4ЊC upon arrival. Both aphid species were used as comparators to establish the prey quality of E. kuehniella eggs for C. septempunctata larvae. Eggs of C. septempunctata were purchased from Katz Biotech AG (Baruth, Germany). Upon arrival, egg masses were transferred into petri dishes (9 cm in diameter) and kept in a climatic chamber at 25 Ϯ 1ЊC, 70 Ϯ 5% RH, and a 16-h photoperiod until larval emergence. Once larvae had eaten their egg shell and started searching for food (Ϸ12 h old) they were transferred individually to the experimental arenas.
Model Compounds. We selected the inorganic PA (KH 2 AsO 4 ) and the cysteine protease inhibitor E-64 (L-trans-epoxysuccinyl-leucylamido-(4-guanidino)-butano) as model compounds to measure and validate the bioassay set-up for C. septempunctata. PA has a broad spectrum of activity and has been used as a positive control in several bioassays with nontarget arthropods (Duan et al. 2002 (Duan et al. , 2008 Á lvarez-Alfageme et al. 2011; Li et al. 2011b ). E-64 is a speciÞc inhibitor of cysteine-like proteases, which have been characterized in different ladybird beetles, including C. septempunctata (Á lvarez-Alfageme et al., unpublished data). Previous studies have shown that E-64 has an adverse effect on different coleopteran species (Leplé et al. 1995; Fabrick et al. 2002; Duan et al. 2005; Li et al. 2011b) . Both PA and E-64 were purchased from Sigma Aldrich (Buchs, Switzerland) and their purity was Ն99.9% and Ն99.0%, respectively.
Bioassay Set-Up. Experimental arenas consisted of small plastic petri dishes (5 cm in diameter, 1.3 cm in height) covered with lids containing a Þne mesh win-dow (1 cm in diameter with 0.2-mm openings) for ventilation. All experiments were conducted in a climatic chamber at 25 Ϯ 1ЊC, 70 Ϯ 5% RH, and a photoperiod of 16 h.
Assessment of Prey Quality. A preliminary bioassay was conducted to ascertain whether C. septempunctata larvae are able to develop by feeding exclusively on E. kuehniella eggs. Neonates of C. septempunctata were fed ad libitum with one of the following food sources: E. kuehniella eggs or mixed stages (i.e., immatures and adults) of A. pisum or R. padi. Previous studies have demonstrated that both aphid species are good-quality prey for C. septempunctata (Blackman 1967, Kalushkov and Hodek 2004) . All food sources were replaced on a daily basis. The experiment was performed with 40 neonate C. septempunctata per treatment. The assessed endpoints are described in the following section.
Bioassays with Potassium Arsenate and E-64. PA and E-64 were chosen as model compounds because they are toxic to insects, including ladybird beetles (Duan et al. 2002 (Duan et al. , 2008 Á lvarez-Alfageme et al. 2011; Li et al. 2011b) . Two separate experiments were initiated with neonate C. septempunctata. Each larva received two droplets (L1 and L2: 0.5 l, L3 and L4: 1 l) of a 2-M sucrose solution that was prepared with deionized water (control) or a sucrose solution containing PA (0.03, 0.06, 0.16, 0.19, 0.25 , and 0.5 mg ml Ϫ1 Þnal concentration) or E-64 (0.31, 0.62, 1.25, 2.5, 5, and 10 mg ml Ϫ1 Þnal concentration) on the Þrst day of each larval instar. After 24 h, larvae were transferred to clean petri dishes and subsequently fed ad libitum with E. kuehniella eggs until the next molt. After emergence, adults were sexed and weighed on a microbalance (Mettler Toledo MX5, division d ϭ 1 g; tolerance Ϯ 2 g). Larval and pupal development time, mortality, and adult fresh weight were recorded. Both assays were conducted with 30 Ð35 larvae per treatment.
Confirmation of Test Compound Ingestion. This experiment was performed to verify that all larval instars of C. septempunctata actually ingest the sucrose solution containing the test compounds. For this purpose, neonates or newly molted L2, L3, and L4 larvae previously reared exclusively on E. kuehniella eggs were fed with two droplets (L1 and L2: 0.5 l, L3 and L4: 1 l) of 2-M sucrose solution (control) or sucrose solution containing 0.5 mg ml Ϫ1 PA. Subsequently, larvae were fed ad libitum with E. kuehniella eggs until they reached the next instar or, in the case of L4 larvae, until pupation. Development time and mortality were recorded. The experiment was conducted with 30 larvae per instar and treatment.
Data Analysis. In the prey-quality assessment bioassay, larval and pupal development time were analyzed using KruskalÐWallis analysis of variance (ANOVA) because data did not satisfy the assumptions for parametric analysis, followed by posthoc comparisons of mean ranks by using MannÐWhitney U test. Data on adult fresh weight was compared using one-way ANOVA followed by the Tukey HSD posthoc test as the data were normally distributed and variances were homogenous. In the experiments with PA and E-64, preimaginal development time and adult fresh weight were compared in pair-wise comparisons between the control and the different PA or E-64 treatments using MannÐWhitney U test and StudentÕs t-test, respectively. In the bioassay to verify the ingestion of the test compound by the different larval instars, development was analyzed using MannÐWhit-ney U-tests. In all bioassays, mortality datasets were analyzed in pair-wise comparisons between the different food regimes or between the control and the different PA or E-64 treatments by using 2 tests. In the prey-quality assessment bioassay, signiÞcance levels were adjusted using the sequential Bonferroni procedure to correct for multiple pair-wise comparisons (Holm 1979) .
Power Analysis. Sample sizes required to detect predeÞned effect sizes (i.e., percentage mean differences between treatment groups) were calculated for preimaginal development time, mortality, and female and male fresh weight. Data from the control group from both PA and E-64 bioassays were pooled. Sample size calculations for development time and adult weights were based on t-tests, whereas calculation for mortality was based on a 2 test. Sample sizes for all endpoints were determined for ␣ ϭ 0.05 and a power of 80%, which is usually considered acceptable for laboratory toxicity bioassays (Rose 2007 , Perry et al. 2009 ).
All statistical analyses were conducted using the software package Statistica (version 9).
Results
Assessment of Prey Quality. The comparison among different prey items revealed that E. kuehniella eggs are suitable to sustain development and survival of C. septempunctata immature stages. Larval development Values followed by different letters in the same column represent signiÞcant differences (P Ͻ 0.05; KruskalÐWallis ANOVA for development time, one-way ANOVA for adult FW, and 2 test for mortality). The sequential Bonferroni procedure was applied for the 2 test to correct for three pair-wise comparisons.
of C. septempunctata fed with E. kuehniella eggs or the aphid R. padi was similar, although signiÞcantly longer, than when fed with mixed stages of A. pisum (Table 1) . Pupal development did not differ among prey items. Adult fresh weight of beetles fed with A. pisum or E. kuehniella eggs was similar and 1.6-fold higher when compared with those preying on R. padi. Larvae and pupal mortality generally were low (5% at maximum) and not affected by the prey.
Bioassays with Potassium Arsenate and E-64. A deleterious effect on C. septempunctata was observed for both model compounds (Tables 2 and 3 ). Although PA ingestion only affected larval development and mortality (Table 2 ), E-64 also had an adverse effect on the fresh weight of the adult beetles (Table 3) . In both bioassays, larval mortality was observed mainly in the Þrst instar (94.0 and 58.2% of total larval mortality for PA and E-64, respectively). None of the compounds had an effect on pupal development time or mortality. Overall, larvae were more sensitive to PA than to E-64, with 50% larval mortality recorded at concentrations of Ϸ0.16 and 0.6 mg ml
Ϫ1
, respectively. Confirmation of Test Compound Ingestion. Ingestion of PA by the different C. septempunctata larval instars resulted in a higher mortality and much longer development time when compared with those from the control (Fig. 1) . The most susceptible larval stage was the L1 where PA ingestion caused 96% mortality. These results provide evidence that all larval instars had consumed the provided sucrose solution containing PA.
Power Analysis. The number of replications required to detect mean differences between both treatment groups differs among the respective measured endpoints (Fig. 2) . For example, to detect a 20% difference in all measurement endpoints analyzed, a minimum of 24 replicates per treatment are needed, whereas seven replicates would be sufÞcient to detect a 50% difference.
Discussion
Ladybird beetles are important natural enemies in many agroecosystems and are considered of high priority when assessing the environmental risk of GE crops on nontarget arthropods. Among ladybirds, C. septempunctata is an important aphid predator that is widely distributed and might be considered a good surrogate for laboratory testing of arthropod-active substances. Although a valid and standardized protocol to test contact-active plant protection products has been developed for C. septempunctata (Schmuck et al. 2000) , there is no suitable method to assess orallyactive compounds on this species because no suitable artiÞcial diet is available. We have developed an early-tier testing system for assessing the toxicity of orally-active insecticidal compounds to larvae of C. septempunctata. Sucrose solution containing the test compound was offered to C. septempunctata larvae for 24 h on the Þrst day of each of its four larval instars. Subsequently, larvae were fed ad libitum with E. kuehniella eggs. A similar setup already has been used to test insecticidal substances on other generalist predators, like the lady beetle Adalia bipunctata (L.) (Á lvarez-Alfageme et al. 2011) and Chrysoperla carnea (Stephens) (Lawo and Romeis 2008) . In our study, a preliminary experiment conÞrmed that C. septempunctata larvae could develop by preying exclusively on E. kuehniella eggs and larval mortality was only 2.5%. Our experiment showed that E. kuehniella is of similar nutritional quality as that of the aphids A. pisum or R. padi, both of which are known to be high quality food sources for C. septempunctata larvae (Blackman 1967, Kalushkov and Hodek 2004) .
We selected the inorganic PA and the organic E-64 as model compounds to measure and validate the bioassay setup for C. septempunctata. When incorporated into a sucrose solution, both PA and E-64 had a doseÐresponse effect on development and mortality of C. septempunctata larvae. In addition, adult weight was affected negatively by E-64. A lower adult weight, although not signiÞcantly different, also was observed in most PA concentrations when compared with the control. This might be because of the lower number of replications at the highest concentrations as a consequence of larval mortality. Coccinella septempunctata pupae were less sensitive than larvae and neither pupal development nor pupal weight was adversely affected by either PA or E-64. In both experiments, larval mortality in the negative controls was low, comparable to other laboratory studies with C. septempunctata (Stacey et al. 2006 ) and well below the 30% mortality threshold set as a quality criteria for the standard test protocol for this species established for pesticides (Schmuck et al. 2000) , ensuring the suitability of the bioassay setup und the reliability of the 2 . Number of replications needed per group to detect mean differences between the control and the treatment group for the different endpoints measured in the C. septempunctata toxicity assay. Data of the control group from the PA and E-64 bioassays were pooled for the calculations. Required sample sizes for preimaginal development time and adult fresh weight were based on t-tests and that for preimaginal mortality was based on a 2 test. All sample sizes were calculated for ␣ ϭ 0.05 and a power of 80%.
obtained results. In a separate bioassay, we conÞrmed that all three larval instars actually ingested the sugar solution incorporating the model compound. Summarizing, our results clearly indicate that the bioassay setup was able to detect dietary effects of insecticidal substances on the survival and development of C. septempunctata.
Positive controls are used in early-tier studies to verify that the test organisms ingest the compound during the test and to minimize the appearance of false negatives. Positive control concentrations should be adjusted to show that the deÞned effect sizes are detectable within the experimental set-up . Our results reveal that either PA or E-64 could be used as positive control compounds for testing dietary arthropod-active compounds on C. septempunctata. We recommend using PA at 0.16 Ð 0.19 mg/ml or E-64 at 1.25 mg/ml because at these concentrations we could detect effects on development time and mortality and, in the case of E-64, also effects on adult weight.
Power analyses were conducted to calculate sample sizes for all measured endpoints, which allows to make recommendations on the number of replications needed to detect a predeÞned effect size. Sample sizes should be large enough to provide sufÞcient statistical power to detect relevant differences if they exist. A 50% effect typically is deÞned as a threshold that would trigger additional studies (used by U.S. EPA, Rose 2007) . Considering that in our bioassays the preimaginal mortality in the control group remained below 13% and that the sex ratio was 1:1, a sample size of 20 individuals would be sufÞcient to detect a 50% difference between treatment groups for the various measurement endpoints recorded. By increasing the number of replicates to 45, a 20% effect would be detectable.
In the current study, we have developed a reliable and easy-to-handle early-tier toxicity bioassay for assessing the impact of orally-active compounds on C. septempunctata larvae. Even though exposure to the test compound only occurs during the Þrst day of each larval instar, and hence the effects might be partially compensated by the subsequent ad libitum feeding of a high quality prey (E. kuehniella eggs) (see Birch et al. (1999) for an example), we believe that our bioassay is sensitive enough to detect deleterious effects of arthropod-active compounds.
